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EFFECT OF GROUND ~ENCE ON THE AERODYNAMIC AND FLOW CHARACTERISTICS
OF A 42° SWEPTBACK WING AT REYNOLDS NUMBERS UP TO 6.8x10’t

By G. CmwmR FURLONO and THOMASV. BOLLECH

SUMMARY

The ej%ctg of ground interferawe on the amodynumic charac-
tetitics oj a .&” sweptback wing huve been inwxtigated at
distances 0.68 and 0.9g of the meun aerodynamic chord from
the &m@cd ground to the 0.%5-chord point of the mean aero-
dynamic chard. Survey data behind the wing, both wiih and
wiihoul the simu.?izted ground, are prewmted in tb form of cOn-
tour chart8 of downuwh, sideuxwh, and dymzmic-prtmwre rti”o
a4 f.ongitudinal ddwrw of .2.0 and 3.8 mean aerodynamic
chorok behind the wing.

The nature and magnitu.da of the efeci% of ground inter-
ference on the aerodmmic characterietiza of the moeptbak
wing are, in general, comparable to th.me obtained on urwwept
wing8. The longitudhud 8ta.biJity d the 8taUfor th+?eweptbmk
wing wiih and wittifipg d.@ec&d w not materially aJect-
ed by the pregem of the grmmd for the ground high% amiluble
in the te8t8.

W qualitative redt8 of the aw8treum muwey for the groun&
& condi.tiqn are, in gerwrd, con&tent with the remdts which
WOUU be expected from a cmwideration of the 8pan loading of
woeptback wing8. It w found do that wiihout the ground
present tlw tip vortimx for the pilzin wing were shed d a podion
that would be mpected for a straight tapered wing.

The variatti of aoerage do-wnmh and average dymzmic-
premure ra4w with ang.k of aitack indti that, for either model
conJ@raiion, the mmt preferable tail location wow?d be below
the chord plum extended and at the mod reu.rmard eurvey poti
tion. In th prawnce of the grotm.d, negaiiw mriuthw of
average downwmh wiih angle of attuc.k were obtaind, and &
though such varidti would increae the degree of tialn%ly,
thy may be und.esirablej%m the &ndpoin# of trim.

Tlu lijling-liw procedure umd for cakw?ding the dowmotwh
behind unwvept u@p3 hus bem eztended to include the e~ect8
of sweep. Calculuiiorw of downuxwh @ the lifting-li~ method
(a applied) un.dertxtimated the experimental obwnuxwh ai the
liune of 8ymmetry but nmdted in reaaorufbb edimakx of the
experimented dowrmxrsh outboard of the p.he of qpnmetry.

INTRODUCI’ION

Clertninaspects of the effects of the ground interference on
the aerodynamic characteristics of unswept wings have been
thoroughly investigated both theoretically and experi-
mentally (refs. 1 to 6). The experimental results of these

investigations have shown that, in the high-lift range,
theoretical calculations by existing methods do not provide
either a reliable estimate of the magnitude of the ground
effects or an explanation of the phenomena involved at the
stall.

Extensive theoretical and experimental studies have been
made of the flow behind straight wings with the result that
reasonable estimates of the flow inclination and wake
characterktics can be made for a straight wing either with
or without the ground present (refs. 5, 7, and 8). Theoretical
and experimental studies of the flow behind sweptback wings
are, at present, limited in scope and, hence, no adequate
means for proper empennage design exists. The experiment
data that are availabla for sweptback wings were obtained
without the ground present and at relatively low -values of
Reynolds number (for example, ref. 9). Some large-scale
data have been published in reference 10.

Inasmuch as extensions of theoretical calculations into the
high-lift range are not reliable and the available experimental
data in the high-lift range are confined to wings having little
or no sweepback, it appears that a lmowledge of the eifects
of the ground on a highly sweptback wing can only be
acquired by means of experiment. Accordingly, an investi-
gation has been conducted in the Langley 19-foot pressure
tunnel to determine the effects of ground interference on a
highly sweptback wing and to indicate whether the ground
effects on a sweptback wing are of the same general nature
and magnitude as those on an uuswept wing. These tests
were to provide not only additional flow-inclination and wake
data behind a sweptback wing not in the presence of the
ground but alsc flow data obtained with the wing in the
presence of the ground.

The model used for the present investigation had 42°
sweepback of the leading edge, an aspect ratio of 4.01, a.
taper ratio of 0.625, and NACA 6+112 airfoil sections
normal to the 0.273-chord line. Tests were made with and
without a simulated ground for two model cuniigurations;
nmnely, the plain wing and the wing with inboard tmiling-
edge split flaps and outboard leading+dge flaps deflected.

The present report contains force and moment data
obtained throughout the angle-of-attack range at several
values of Reynolds number and contour charts of downwash,
sidewash, and dynambpremure ratio at two longitudinal

toombbmtion of tbe rwantly dmksfffd NAOA 12M LSG22j“Downwashj SldewasQmd Wake Smveya Behhd a 42? Swepthak Wfng at a ReynoldsNrurk.mof 6.SXIO~With and
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stations behind the wing (2.0 and 2.8 mean aerodynamic

chords). The locations of the tip vortices have been shown
on the contour charts of dynamic-pressure ratio for the plain
wing without the ground present. Integrations have been
made to obtain variations of average dowmvash and dynamic
pressure with angle of attack. Values of dowmvash have
been calculated by extending the method presented in ref-
erences 7 and 8 to account for the stieep of the 0.25-chord
line. .

The ground was simulated in the tunnel by means of a
ground board. Although this method of ground represen-
tation is not ideal, the results of the present tests are believed
to be indicative of the ground-interference effects on a
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SYMBOLS

lift coefficient, ~

Dragdrag coefficient, ~

pitching-moment coefficient about 0,25c,
Pitching moment .1.

qs’z

angle of attack of wing root chord, deg

‘V lb/sq ftfree-stremh dynamic pressure, ~,

pvzReynolds number, ~

wing area, Sq ft
wing span, ft

.Iowd chord, ft

J
.2 b12
s ~ c+dy,ftm&n aerodynamic chord, —

mass density of air, slugs/cu ft
stream velocity, ft/sec
local stream dynamic pressure, lb/sq ft -~
local dowmvash angle, deg
sweep angle of 0.25-chord line, deg “:
sidewash angle, inflow positive, deg ~
coe5ci0nt of viscosity of air, a@js/ft-sec
ratio of local-stream dynamic pressure to free-

stream dynamic pressure
vertical distance from chord plane extended, ft
longitudinal distance from 0.25-chord point of

root chord
vortex semispm (always positive), ft
lateral distanc8 from plane of symmetry, it
dowmvash factor
total induced downward veloci@, ft/sec
section lift coeflieient
vortex strength
calculated dowmmwh angle, deg
downward displacement, measured normal to

the relative wind, of the center line .of the
wake ahd the trailing vortex sheet from its
origin at the trailing edge, ft

Integrated air-stream surveys:

(qt/q)@

~.

where
c~
b,
s,
y,
dk
da

average q,lq, obtained by

[(9.S=W’’(9’””1
average E,obtained by

chord of fictitious tail
span of fictitious tail
area of fictitious tail
spanwise distance

rate of change of % with angle of ottack

GROUND, MODEL, AND APPARATUS

GROUND REPRESENTATION AND GROUND DISTANCE

Several methods such as the reflection method, the prwtia
plate and reflection method, and the plate method nro ovail-
able for ground simulation in a wind tunnel (refs. 4 to 6),
The most feasible arrangement for ground t=ts in tlm
Langley 19-foot pressure tunnel is the plate method (com-
monly referred to as the ground-board method).

The vertical distance from the 0.25? to the ground board
(regardlessof boundary-layer thickness on the ground board)
is referred to as the ground distance. Inasmuch as no
standard point of reference exists, the 0.25Z has been used
because it was the most convenient point of reference from
considerations of test procedure. The model was supported in
the tunnel at the 0.257, and to maintain a constant ground
distance for any other point of reference would hrive necessi-
tated moving the ground board as the angle of attack of tho
wing was changed.

Based on the preceding definition of ground distance, tho
ground distances used in Jhe present tests ‘were 0.686 and
0.92Z. .

MODEL

The model mounted on tha normal wing-support system
of the Langley 19-foot pressure tunnel is shown in figure 1,
The wing had 42° sweepback of the leading edge, a t~pw
ratio of 0.625, an aspect ratio of 4.01, and NACA 641-112
airfoil sections normal to the 0.273-chord line. The principal
diniensions of the model and flaps are given in figure 2. It
was found that a slight discontinuity existed along the 0.20-
chord line of the wing. The results obtained in the present
tests, therefore, do not necessarily represent exactly those
whioh would be obtained on a wing with true NACA 641-112
airfoil sections. The model was maintained in a smooth
condition during the tests. For tests with flaps cleflectod,
the 0.20c trailing-edge split flaps were deflected 60° from tho

[ow-ersurface and extended from the root to 0.6~” TIIo

.eading-edge flaps extended spanwise from 0.40~ to 0.97~0



. GROUND -RFERENCE -E-CXR3 ON SWIWJ713ACK WINGS 253

9
..~-.:L.-

(a) Front view. L..p*...5..“ .
FIGUItEI1.—A 42° mwptbaok wing mounted in “the Lq&le~ 19-foot

pressure tunnel. Flaps deflected; ground board’. $E. Ground
distrmce, 0.92F.
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(b) Rear view.

FIGUREI.—Concluded.
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APPARATUS

The aerodynamic forcw were measured by a sinmkum
ously recording, .six-ccmponent balance system.

Survey apparatus.-The Langley 19-foot-preswre-tunnel
survey apparatus and multiple-tube survey rake (fig. 3) were
used to obtain dowmvash and dynamic pressure behind the
wing. The multiple-tube survey rake consists of six pitok
static tubes with pitch and yaw orifices in the hemispherical
tips. The survey apparatus maintained the rake in a verti-
cal position as it was moved laterally along the span. This
survey rake had been previously calibrated through known
pitch and yaw angles. AMpressure leads were conducted to
a multiple-tube manometer and during the tests the data
were photographically recorded.

A probe containing three tufts spaced 1.5 inches was used
to locate the tip vohkm. The probe was attached to the
survey strut.

Ground board.-The ground board consisted of a steel
framework covered with plywood on both the upper and
lower surfaces, which resulted in an overall thickness of 4
inches. (See fig. 4.) A slot extending the full width of the
ground board and located 1 foot in front of the 0.267 of the
wing was provided as a means of boundary-layer control.
The ground board was supported in the tunnel test section
by means of wall bracketa and center posts. (See figs. 1 and
4.) The support system allowed a ground-board travel from
16.0 to 31.9 inches below the center line of the tunnel (center
of rotation of the model).
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(a) Photograph of survey rake.
(b) Sketoh of survey-rake tube.

FIWRE 3.—LangLey l%foot pressure tunnel afrstream survey rnko.
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TESTS AND CORRECHONS

TEST3

The air in the tunnel was compressed to approximately
33 pounds per square inch absolute for all tests. The teats
were made at Reynolds numbem up to 6.8 X 10e (based on
Z), which corresponded to a dynamic pressure of approxi-
mately 80 pounds per square foot and a Mach number of 0.14.

Exploratory tests,—An exploratory investigation was con-
ducted to determine the flow characteristic on the ground
board and in the tunnel test section both with and without
the model in the tunnel.

Tho change in velocity distribution in the tunnel due to the
ground board was detemrined with the ground board in the
tunnel and the model out. Measurements of the flow be-
neath tho board indicated that the increase in flow due to
the presence of the model was hardly measurable; hence the
usual model blockage correction has been applied to the
dymunic-pressuremeasurements. The ground board reduced
the tunnel-clear stream angle approximately 0.15°.

Visual tuft studies of the flow on the ground board with the
boundary-layer slot closed and open were made through the
angle-of-attack range of the model. When the slot was
closed but not completely sealed, an unsteady flow condition
existed along the nose of the slot. The flow condition at the
nose of the slot was improved when the slot waa open. An
unsteady flow condition existed in an area near the center of
the board between 2.OZand 2.8Z with either the slot open or
closed. This unsteady flow condition can be attributed to
the diifusion of the flap wake. There waa no indication of
actual flow separation on the board throughout the angle-of-
attack range of the model. By use of the boundary-layer-
control slot the maximum thickness of the boundary layer
was reduced from approximately 1.0 inch to 0.4 inch beneath
the wing and from 1.6 inches to 1.0 inch at a distanw 2.87
rearward of the 0.25~. The flow through the slot was not
materially affected by the presence of the model. The dis-
continuity in boundary-layer thickness due to the flow
through the slot corresponds to an effective discontinuity in
ground distance, which, however, is believed to have a ne@-
giblo effect on the test results. Presence of a boundmy layer
on the ground board maybe less troublesome under a swept-
back wing than under an unswept wing, maidy because the

maximum lift is considerably lower for the sweptback wing.
Foroe and moment tests.—I’orce and moment data were

obtained for the two model configurations through an angle-
of-att ark range from –4° through the stall. The tests were
made with the ground board out and with the ground board
located at ground distances of 0.68Z and 0.92Z for several
values of Reynolds number. The Reynolds numbem of the
tests based on Z were 3.0, 4.3, 6.2, and 6.8 X 108.

Airstream surveys.-Downwaah, sidewash, and dynamic-
preasure surveys were made for each model and ground-
board configuration at two longitudinal stations. The posi-
tions for tie survey apparatus were selected so that they
approximated, through the angle-of-attack range of the tests,
stations 2,0? and 2.8; behind the 0.25~ of the wing measured
along the chord plane extended. The maximum variation
of the stations 2.07 and 2.8= from the locations of the survey
npparatus ma only 0.6 inch through the angle-of-attack

413672+7—18

range of the tit. Due to the fact that the trailing edge of
the wing w= swept back, the distance between the survey
rake and die trailing edge of the wing decreased as the rake
wae moved from the plane of symmetry. Data were ob-
tained at three anglea of attack for the wing with flaps neu-
tral and at four anglea of attack for the flapped wing. The
anglea of attack for the tests in the presence of the ground
were selected so that the values of lift coefficient obtained
-wereof approximately the same magnitude as those obtained
with the ground board out.

In conjunction with the airstream surveys, the tip-vortm
core was located by observing the rotational movement of a
wool tuft on a probe.

COBRBCTIONS

The lift, drag, and pitching-moment data have been cor-
rected for support tare and strut interference as determined
from tare tests. The angles of attack, drag data, and
moment data have been corrected for jet+boundary effects.
In addition, the angles of attack have been corrected for
airetream misalinement.

The airstremn-survey data have been corrected for jet
boundary effects which consist of an angle change to the
dowmvash A6 and a downward displacement of the flow
field. The magnitude of the angular corrections ACat the
two survey stations are given in the following table:

Longitudinal
survey pc8ition

w

2.O-C 2.WC

1.36CL 1.52CL
Ae ——

Wq mq

Wltih the ground board in the tunnel test section, it was
not possible to obtain cogections for supportAare and strut
interference. The ground-board-out corrections for suppork
tare and strut interference, however, have been applied to
the ground-board-in data in the belief that they would be
of the same nature, although not neceswwily of the same
magnitude, as would be obtained with the ground board in.

Calculations made for other ground inv@igations (such as
ref. 4) have shown that at small ground heights, jekboundary
corrections are negligible; hence, they have been neglected
in the pr~ent teata.

EFFECJX? OF GROUND INTERFERENCE

A discussion of the concepts of ground interference appears
pertinent before the results of the prwent tests of a swept-
back wing are presented. Although the concepts have been
derived largely to explain the effects of ground interference on
an unswept wing, they should, in general, apply to a swepb
back wing as Well.

The ground effect on a wing may be considered as the
interference due to the reflected image of the wing in the
ground. Computations of the effects of the image wing on
the red wing can be made. by replacing it with a bound
vortex and a system of trailing vortices. Inasmuch w these
computations are based on thin-wing theory, the tiect of
the thickness of the image wing muet also be determined.
The separate effects of the bound vortex, trailing vortiw,
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and wing thiclmess can then be added. In reference 1 the
interference from the trailing vortices of tie image wing was
considered in detail; whereas in reference 6 the interferences
from the bound vortex and wing thickness of the image wing
were also considered. Although the calculation of the
separate interference eiTects for unswept wings have’ been
shown experimentally to be inadequate in the high angle-of-
attack range, the sepaxate eflecta may be used to deacxibe
qualitatively the combmed effects of angle of at~k and
ground distance. ,

The image trailing vortices induce an upw~h at the wing
which is stronger at the center than near the tips. I?igure
5 (s,) shows the tmiling vortices of the wing and the image

oc= o-.-—-------------.-------———--——--=__________________----—-----—
(0)

@==.- @“””
(b) (c)

(d) ~ (e)

(a) Trailing vortices.

(b) Bound vortax (low angle (c) Bound vortex (high angle
of attack). of attack).

(d) Wi thioknesa doublet (e) Wing thic.lmess doublet
(low angle of attack). (high angle of attack).

FIcwJEn 5.—Sketch showing the interference effeota of the rellected
image of a wing in the presence of the ground.

vortice9. The main effects resulting from this vortex pat-
tern are an increase in lift-curve slope, a reduction in induced
drag, and a concentration of lift toward the center of the
wing. The effects are increased by decreasing the ground
distance and are relatively independent of the angle of attack.

The induced flow over the wing due to the image bound
vortc+xis shown by a side view of the wing and its ~ce
(fig. 5 (b)). The flow, which is from rear to front, reducis
.&e stream v610city in the vicinity of the wing and thereby
tends to reduce the lift. If, however, the wing is fairly close
to the &ound, is at a low or moderate angle of attack, and is

uncambered, the induced flow also has a vertical component
near the rear (@. 5 (b)), which corresponds to an effective
increase in camber and a corresponding increase in lift. As
either the angle of attack or the camber is increased, how-
ever, tie induced flow crosses the wing from pbove (as in fig.
5 (c)) with a ~orreaponding effective decrease in camber
and reduction in lift. )?or whighly cambered airfoil, such as
a flapped wing, this effect is very pronounced. The decrease
in camber and reduction in lift as the angle of attack is in-
creased is also a function of ground distance. As the ground
distance becomes very s&U, the effects mentioned are de-
layed to higher and higher angles of attack.

The thickness of the image wing may be roughly roprc-
sented by a source near the airfoil nose and an equivahmt
sink nem its trailing edge. The corresponding streamline
are circles through the source and sink, as indicated in
figures 5 (d) and 5 (e). The velocity is in such Q direction
as to increase the stream velocity in the vicinity of the wing,
The induced flow (figs. 5 (d) and 5 (e)) is seen to be essenti-
ally independent of angle of attack and is downward near
the trailing edge and upward at the nose. This induce+ flow
corresponds to a negative induced camber and a reduction
in-lift. The induced-flow effect of the doublet is increased
as tie ground distance is reduced, but in any case this effect
is small compard’ *th the induced-flow effect of the bound
VOl%=,(figs. 5 (b) and 5 (C)).

In genera, the induced flows indicated in figures 6 (a),
5 (b), 5 (d), ~d 5 (e) serve to increase the slope of the lift
curve. As the angle of attack and lift coefficient become
-very large or when the flaps are deflected, the induced flow
indicated in iigure 5 (c) becomes increasingly strong and
serves to reduce the lift-curve slope. The overall influenco
of these effects on the maximum lift is too complex to be
explained without a more quantitative analysis.

Experimental results provide some indication of the
important factors determining the maximum lift as the
ground is approached. Data for straight, unfktpped wings
(refs. 1 and 6) show that the masimum lift is decreased and
then increased as the ground is approached. The reduced
stream velocity and the negative induced angle and camber
indicated in figure 5 (c) appear to combine with the small
induced flow of figure 5 (e) to effect a decrease in maximum
lift at moderate ground distances. As previously mentioned,
the negative induced angle and camber effect (fig. 6 (c)) are
reduced appreciably for uncambered wings as the ground
distance becomes small; hence the mtium lift begins to
increase. The experimental data for straight, flapped
wings (ref. 4) show a decrease in maximum lift at all ground
distances down to 0.507. In this case the wing is originally
very highly cambered and the negative induced angle and
camber indicated in figure 5 (c) are not materially decreased
by a decrease in ground distance.

For sweptback wings most of the effects just described
would probably remain the same. With regard to the
spanwise distribution of loading, however, calculations made
as a part of the present investigation have indicated that,
when. the effect of the swept bound vortices is included with
the effect indicated in figure 5 (a) (calculated in ref. 1), the
induced upwash distribution should tend to concentrate the

..
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Fmmm 6.—Effect of ground on the aerod--o obaraoteristica of a 42° sweptbaok wing for various Reynolds numbenx l?laps neutral.

loading near the tips instead of near the center. This
Meet, combined with the fact that the tip sections of a
sweptback wing are much closer to the ground than the root
sections, would be expected to result in a noticeable out-
board shift in load. The tip stall usually associated with
swoptback wings might be increased in severity by such an
outboard shift in load.

RESULTSAND DISCUSSION

The lift, drag, and pitching-moment data are..presentedin
figures 6 and 7. The stalling characteristics are presented
in figures 8 and 9.

The greater part of the present discussion is for data
obtained at a Reynolds number of 6.8X 10e.

LIFT-CURVESLOPE

The slope of the lift curve near CL=O, for the wing with
flrLpsboth neutral and deflected 60°, increased as the distance
to the ground decreased (figs. 6 (rL)and 7 (a)). The increase
is, in general, comparable to the increase obtained for an
unswept wing with flaps neutral (ref. 4). The data do not
indicate a shift in angle of zero lift. Such a shift is indicated
by the theory and test data for an unswept wing presented
in reference 6. No such shift, however, was indicated by
the unswept-wing data of reference 4. The reduction in
lift-curve slope attributable to ground interference in the
high angle-of-attack range was much more sevare for the
flaps-deflected configuration (fig. 7 (a)) than for the flaps-
neutrfd configuration (fig. 6 (a)).

MAXIMUMLIFT

The data of figure 6 (a) for the wing with flaps neutral
show an increasing maximum lift coefEcient at the ground
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FIQUnE6.—Continued



..— —— ..— — —.. .— . ———-

258 REPORT 1218—NATIONAL A.WISORY CO~ FOR AERONAUTICS

.04

0

-.04

.04

0

G
-04

.04

0

-@4

.04

0

=%4 _2 o ~ -4 ~ ~ ,0 ,2 ,4
“.

c/~

(o) Pitohing momenk

Frmmm 6.—Concduded.

distances of the present tests (less than I.O@. The data of
the present tests do not ex@nd to sufliciantly high ground
distancea to show whether a sweptback wing will susti
a loss in maximum lift when first entering the presence of
the grtmnd. Both themagnitude of the increase in maximum
Iift and the magnitude of the ground distancea at which the
increase in lift is obtained appear to be greater than the
magnitudw obtained for unswept wings (refs. 4 and 6). It
should be remembered, however, that the points of reference
used to determine the ground distances for a sweptback
wing and an unswept wing are not directly comparable.

The data for the sweptback wing with flaps deflected
(@. 7 (a)) show an appreciable loss in maximum lift at the
same gound distancea at which increases in maximum lift
were obtained for the flaps-neutral configuration (fig. 6 (a)).
The decrease in maximum lift at small ground distances is
in general agreement with the results obtained on unswept
wings with flaps deflected (ref. 4).

DRAG

A reduction in drag (figs. 6 (b) and 7 (b)) waa obtained
when both model con&.rations were tested in tbe preaencc
of the ground board. Throughout the comparable lift
range the model with flaps deflected encountered slightly
larger decreases in drag than were encountered with the
flaps-rehacted cmllguration. The reductions in drag are,
in general! comparable with the reductions obtained for
unswept wings (ref. 4).
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lhwmn 7.—Effect of ground on the aerodynamic characteristic of a 42° sweptback wing for varioua Reynolds numbem. Flaps defleotod 60°.
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FmuRD 7.—Continued.

STALLINGPATTERNS

The results of the visual stall obs~ations (figs. 8 and 9)
show that, for the configuration with flaps deflected, the
presence of the ground precipitated a stall on the upper
surface of the wing at a slightly lower angle of attack. Stall
studies with the ground board out are not available for the
wing with flaps neutral. The stall studies indicate that, in
general, the origin and progression of the stall are little af-
fected by the presence of the ground.

PITCHING MOMENT

The presence of the ground did not materially ailect the
longitudinal stability at the stall for either model configura-
tion of the sweptback wing. The wing with flaps neutral
remained unstable (fig. 6(c)) at the stall and the wing with
flaps ddlected remained stable (fig. 7’(c)). At the lowest
ground distrmce (0.687), a noticeable destabilizing change in
pitching-moment slope in the lift-coefficient rapge just prior
to stall was obtained for the flaps-dtiected confi&.ration.
These effecti are similar to those reported for an U&wept
wing (ref. 4).

It appeam from the ~r&ent data that, at the ground dis-
tancea of the present tests, the outbosrd shift in load that
might be expected with a sweptback wing is tiectively
counterbalanced by the increase in effective. camber and by
a reduction in adverse pressure gradients at the tip sections.
The met-result is that the origin and progr-ion of the stall
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FIQUEE7.—Conoluded,

are little affected by the presence of the ground and hence
the stability at the stall is not changed. The possibility
of severe tip stalling and accompanying instabili@ at the
sttd.1for the sweptback wing at ground distances greater
than those of the present tests could not be ascertained and
remains a problem to be investigated.

SCALE EFPECTf3

I?or the configuration with flaps neutral, there appears to
be some scale efTecton the lift in the high-lift and stalling

region. Because of this effect, the stabtig change in
pitching-moment slope obtained at a lift coditient of 0.S
for a Reynolds number of 3.OX 10’ is ddayed to a lift coef-
ficient of approximately 1.0 at a Reynolds number of 6.8X 106
(fig. 6(c)). The slight improvement in the stability at the
stall, which k obtained for the smallest ground distance and
a Reynolds number of 3.OX 10E,is not obtained at a Reynol&
number of 6.8X108. The effects of Reynolds number on
the lift, drsg, and pitching moments for the wing with flaps
deflected (fig. 7) appear to be small.
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AIR9TREAM SURVEYS

The airstrcam-survey data have been cross-plotted to
obtain contour charts of dynam.bpremre ratios, downwcsh,
and sidewssh in vertical planes 2.05 and 2.87 behind the
0.2!5$. The charts are presented in figures 10 to 21 and, for
reference, tie data presented are summarized in table I.

TABLE I

LIST OF DOWNWASH ANGLE, SIJ)EWASH ANGLE,
AND DYNAMIGPRESSIJRE-RATIO
CONTOUR CHARTS PRESENTED

I
F@m

I
Flq?9 Planeof Ground AI@ d=~d lfft

Zm-wY -’= I

I ‘ Ip8 =-7% cL-o~.
10 NenhaL_...-.__-- 20.? m a-13.l”; CL4L81.

o) a=lo.m CL-O.%’. I

14 Neural ---------------- 2ft5 awz
b

8) a+.?% cL-o.&
) U-llP; cL-o~.

O)U-l&&;cL-o&.

18 Nentmd-_.–.___.--. 20F as% p
0 a-6.~ cL-o.dl.

U-11P; CL-OS.
c) a-14.w cL-o.M.

I
U Naiad._-._._–_ 2.% m I p

8 IX=7~; cL-ofi.
a-13.l”; CL=O.81.

O)U-16.ficL-o.%’. I

The effect of the model support struts on the flow at the
survey planea was small even though tuft studies indicated
that flow separation on the struts occurred at moderate
angles of attack with the ground board present. The regions
affected are easily discernible on the contmm of dynamic-
premure ratio for the plain wing as aress of reduced dynam.b

pressure ratio in the vicinity of 0.50 ~ When the flaps were

deflected the wing and strut wakes intermixed and hence
the strut wake lost its identity.

The contours of dynamic-pressure ratio, downwash, and
sidewcsh have been shown with reference to the chord plane
extended. The intersection of the chord plane extended
with the plane of survey has been arbitrarily selected as the
reference line and any horizontal tail will remain a constant
distance from this line as the angle of attack of tho wing is
changed. In order to indicate the position of the flow field
of the @g with respect to the wing, the 0.26-chord line of
the ‘wing hai been projected onta the plane of survey in the
contours of dynamic-pressure ratio.

The qualitative rewdts of the aimtrearn survey for the
ground-out condition are, in general, consistent with the re-
sults which would be expected horn a consideration of the
spantie tit distribution associated with sweptback wings.
The spanwise lift distribution for the wing with flaps mmtrrd,
computed by the empirical method presented in reference
11, indicates that negative vorticity is shed over the inboard
sections of the wing, and hence, it should be expected that
the mmimum dowmmsh would occur outboard of the plane
of symmetry. I?or an unswept wing of the same taper ratio,
the lift would increcae to the plane of symmetry nnd it would
be hyp that the mtium downwash is rewhed. In the
presefit -, the reduced downwash at the plane of symmetry
(figs. 10 and 11) is also due in part to the fact that the distance
from the wing to the plane of survey is greatest at tho plane
of symmetry. The vortex sheet is displaced downward and
the magnitude appears to be of the same order as for un-
swept wings. “The wake center line traveled from just above

the chord plane extended to a maximum height of 0.17 ~ at

the ~ghest angle of attack (a= 16.0°) md most remward
survey position (2.86).

The airstresm surveys behind the wing with flaps deflected
60° (ilgs. 12 and 13) show to some extent the strong effect of
the flap tip vortex and secondru-y effect of the increase in
strength of the bound vortex produced inboard by the flap
on the flow field. The dowmvash is increased and the wake
is lowered behind the flapped portion of the wing.

The tip vortices, as indicated by the present surveys for
the plain wing, are shed and located in approximately the
ssme position as would be expected’ for n straight tapered
wing. In the range of the tests there is very little rolling-in
of the vortex, a fact not unreasonable when it is r&ed that
the distance rearwmd of the geometric tip is much less thnn
the 2.86 measured from 0.257.

The presence of the ground for both model con@rations
caused @e usual reduction in downwash and upward displace-
ment of the wake (@s. 14 to 21). Inssmuch as the reflected
tip vcirtex is opposite in direction to the real tip vortex, it
would increase the nega”tivevalues of sidewash (outflow) and
decresae the positive values of sidewash (inflow).
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AVERAGE VALUES OF DOWNWM3H AND DYNAMIC PRE!SJEE

I
spans of 0.25~ and 0.50~ and at ground dist~ces of 0.38b/2

.-,.
Variations of average dowmvash and dynamic-pressure

ratio with angle of attack have been presented in figures 22
to 25 to show the effects of tail span and tail location (verti-
cal and longitudinal) on the stability of a wing-tail combina-
tion. Integrations were made across the contour charts at
various vertical positions and spans of a fictitious tail of
constant chord and zero sweep. At each longitudimd sur-
vey plane (2.O’Zand 2.8Z), integrations were made across tail

above, 0.25b/2 above, on, and 0.26b12below the chord plane
extended. Where physical limitations prohibited data to be
obtained 0.25 b/2 below the chord plane extended, several
variations have been presented for tail positions z of 0.05b12
and 0.125 b/2 below the chord plane estended.

Inasmuch as the data presented are for a wing alone, the
results are not necc.esarily indicative of those that would be
obtained with a fuselage present.
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———.—.-—. -—

306 REPORT 1218—NATIONAL ADVISORY COMMITTEE FOR ADRONAU’ITCS

12-
MuM distance m Qwnd distance m

r= t
- * ‘

B

. .. . . . .
.4 ! , , I f

I tall Ileqlll, ~

o
.

12

.8

.4

0
12

B

4

0
0 4 8 12 16 0. 4 8 12 16 0 4 8 12 16 0 4 8 12 16

a, deg

H spm 0.25 M? Ml *n 0.50 M2 T6il span 0.25 b/2 Ttil qon 0.50N2

(a) Survey planq 2.OZ. (b) Survey plane, 2.85.

Fmmm 24.-The variation of average dynamic—pnzsmreratio with angle of attaok for varioua ground distanoes,
tafl lengths (survey plane). and W epans. Flaps neutral.

12

.8

4

12

k
-B
\
&

A

12

.8

.4
04812 [604 8 12” 16 0 4 8 12 16 0 4 8 12 16

a, deg

Tdl ~ 0.25 bR w s+xlllo.5ob/2 Ttil soon 0.25 b/2 Ttil ~ Q 50 b/2

(a) Survey planq 2.(E (b) Survey plane, 2.S5

FImmm 2S.-The variation of average dynarrdc-pmmre ratio with angie of att.aok for various ground dh-
tances, tail lengths (survey plane), and tail spans. Flap dcdkoted 60°.



GROUND INTDliFERENcE EFFECTS ON SW3!WTBACK WTNG8

The data presented in figures 22 and 23 show that, for the
wing with flaps neutral, the size of tail span (up to 0.50b/2)
has very little eifect on de/da either with or without the
ground; wherens, for the flapped wing, an incress.e in span
causes an increase in dejdu. The increased values of &/da
for the flapped wing can be attributed to the influence of the
flap-tip vortex.

Near maximum lift, the greater tail length (survey plane
fit 2,8?) resulted in a alight decrease in de]da for the wingwith
flaps neutral and a greater decrease for the wing with flaps
ddlcctcd,

The most important parameter, as regards horizontal-tail
location for either the plain or flapped wing, appeam to be
the verticnl position. Almost without exception, the values
of d~/da are decreasing near the mtium lift of the wing for
tail locmtionaon or below the chord plane extended, while
for tail locations from the chord plane to 0.38b/2 above, the
values of de/da are increasing. The low values of d+/da for
low tail locations indicate that an increase in stability will
probably be obtained as the tail is lowered. Although the
values of de/da are decreasing near maximum lift for the tail
location on the chord plane extended, the influence of the
wako (figs. 24 and 25) may be detrimental at this locdion.
The contours of dynamic-pressure ratio indicate that when
the flaps are deflected, the wake is approximately 0.18 b/2
below the chord plane extended at low anglea of attack. At
high angles of attack or when the wing with flaps deflected
is in the presence of the ground, the wake has moved up to
within 0.10 b/2 of the chord plane extended.

The presence of the ground substantially reduced the
values of d~/dci and at the lowest ground distance actually
produced slight negative valuea of de/da near mtium lift
for the wing with flaps neutral. The values of dC/d~ for
the wing with flaps deflected became even more negative at
low ground distancea than those for the wing with flaps
mmtral, nnd although negative values of ckjda will improve
the stability, such variations may be undesirable from the
standpoint of trim (figs. 22 and 23).

The data obtained for the wing with flaps neutrail and
with flaps deflected 60° with and without the ground present
indicate that, from a consideration of dowmvash and dy-

namic pressure, the most favorable tail location would be
below the chord plane extended and with the greater tail
Icngtb.

● CALCULATEDDOWNWASH

The possibility of using lifting-line theory to determine
the dowmmsh behind sweptback wings has been briefiy
investigated. The procedure for the calculations is given
in the appendix. Experimental results have been compared
with variationa of downwash with vertical distance, calcu-
lated at the plane of symmetry and at a spanwise station
0.33 b/2 (figs. 26 and 27). The vertical reference point in
figure 26 is the 0.25-chord point of the root chord and in
figure 27 itisthe 0.25-chord point of the chord at spanwise
strttion0.33b/2. The spanwisevariations of maximum down-
wash obtained experimentally are presented in figure 28.
Also included in this figure are values of dowmvash calculated
at the center of the vortex sheet and, as can be seen in
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~Qum 26.—Variation of calotited and experiment v&Ieg of do~-
waah with vertical distance at the plane of symmetry. (Vertical
reference point 0.26 ohord at plane of symmetry.)
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FIGURE 2’7.-Variation of oaloulatid and experimental vahm of down-
wwh with vertical distance at a spanwise station 0.23b/2. (Vertioal

referenae point 0.2S chord at apanwise station 0.33b12.) Survey
plane, 2.07.

figure 26, they do not necessarily represent the maximum

valuea obtained.
It is apparent in @e 26 that the lifting-line theory, as

applied in the prwent calculations, underestimates the
experimental downwash in the plane of symmetry. I?or
the angle-of-attack range shown, the value of de/da calculated
is approximately 20 percent lower than that obtained
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experimentally. The results presented in fignr= 27 and 28
show that the agreement improves outboard of the plane of
symmetry. The assumption was made in the calculations
that the vortex sheet was shed along the 0.25-chord line and
that the wing was at an angle of attack of OO. The calcu-
lationswere repeated by taking into account the ‘tilt of the
vortex sheet (extending from the 0.25-ohord line) as the
angle of attack increased. The results of the9e calculations
were essentially in agreement with the original calculations.
In order to evaluate the upwash contributed by the negative
vorticity shed over the inboard sections of the wing, calcu-
lations were made with the negative vorticity neglected.
The dowmvash angles obtained are shown in figure 26 and
the calculated value of d+jclais now only 10 percent lower
than the experimental value. Neglecting the negative
vorticity at the inboard sections had a negligible eilect on
the dowmvash calculated at stations outboard of the plane
of symmetry.

Reference 8 indicates that, for dowmvash calculations
behind straight wings, the displacement of the vortex sheet
must be accounted for and the distention of the vortex sheet
may be neglected. The displacement of the vortex sheet,
as calculated by the method of reference 8, appears adequate
for svreptback wings (figs. 26 and 27); whereas the distention
of the vortex sheet behind a sweptbaok wing may not be
small enough to neglect.

COIM3CL~E FOR AERONAUTICS

CONCLUDING REMARKS

An investigation has been conducted to detemino the
ground interference effeck on the aerodynamic nncl flow
~aracteristios of a 42° sweptback wing. The- simul~twl
ground tests were made at ground distances 0.68 ml 0.f)2
of the mean aerodynamic chord. The model was tested
with flaps neutral and with inboard trailing-edge split flaps
deflected 60° and outboard leading-edge flaps deflected.
The results of the tests indicated:

1. The nature and magnitudes of the effects of ground
interference on the aerodynamic characteristics of the swept-
back wing are, in gemmil, comparable to those obtained on
unswept wings. The sweptback wing in the presence of tho
ground board sustained an increase in lift-curve slopo ancl
a decrease in drag. The value of maximum lift for the
sweptback wing increased for the flaps-neutral cotigumtion
and decreased for the flaps-deflected configuration ns the
distance from the ground became smaller.

2. The longitudinal stability at the stall for the sweptbnclc
wing with and without flaps deflected was not materially
tiected by the presence of the ground. There was, howevor,
at the lowest distance from the ground a destabilizing change
in pitching-moment slope several degrees prior to tho stall
for the flaps-deflected configuration. Because of tho com-
plexity of the phenomena at the stall, the possibility musts
that the data for the sweptback wing tested are not indicative
of the type of stability to be obtained at ground distances
greater than one mean aerodynmnic chord.

3. The qualitative results of the airstream survey for tl.m
ground-out condition are, in general, consistent with the
results which would be expected from a consideration of the
span loading associated with sweptback wings. It was
found also that, without the ground present, the tip vortices
for the pkin wing were shed at a position that wouId be
expected for a straight tapered wing.

4. The variations of average dowmvash and rwerngo
dynamic-pressure ratio with angle of attack indicate ~hat
for either model configuration the most preferable tmflloca-
tion would be below the chord plane extended and at the
most rearward survey position. In the presence of the
ground, negative variations of average dowmvash with angle
of attack were obtained, and though such variations would
increase the degree of stability, they may be undesirable
horn the standpoint of*.

5. Calculations of dowmvash by the lifting-line method
(as applied) underestimated the experimental downwash d
the plane of symmetry but resulted in reasonable estinmka
of the experimental dowmvash outboard of the phum of
symmetry.

LANGLEY&RO~AUTICm LABORATORY,
NATIONALAD~ORY COU~EE FORAERONAUTICS,

LANGLEYFmLD, VA., ZXwndwr 17, 1964.
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APPENDIX

METHOD OF DOWNWASHCALCULATIONS

The reasonable agreement, attained for unswept wings,
between values of dowmvash calculated by the method
presented in references 7 and 8 and those obtained by ex-
periment suggests an extension of the method to account
for tho sweep of the lifttig he. Obvious objectio~ ~
simplifications imposed by the lifting-line method have
been discussed in reference 1 for the case of an unswept
wing and it can be assumed that they apply in essence to
swoptback wings as well. Although the aspect ratios of
sweptback wings me, in general, smaller than those of the
unswept wings treated in references 7 and 8, the lifting-line
theory may still be expected to render approximate esti-
mates of the dowmvazh in the region of the tail plane. Little
is known of the downward dimlacement and distention of

where

( [4
— z—s tan A

1gl‘~ [(.s3/)$;s31+(s–y)’+(z–stanA)2+z’ +

(z–y tanA) cos A
(z–y trmA)’ cos2A+#]

the vortex sheet bebind a sweptback wing; hence, for the
present calculations, the assumptions made for unswept
wings are applied.

The Biot-Savart equation has been expanded, as in
reference 8, to determine the induced dowmvaxd velocity
due to the bound vortex and two trailing vortices, with the
assumption, however, that the bound vortex is swept along
the 0.25-chord line. The rwu.lting induced downward ve-
locity for any point whose coordinat~ are x, y, z may be
expressed in terms of stream velocity as:

(z+ytanA) COSA
[(z+y trmA)2coslA+~

and

+A–d@++[(~+ytuA) COSA]*+~~+z’-[(z+ytanA COSA]z

~(s+y)’+(z–s tan A)’+z’ 4m#
1

cc, 2T—=—
b Vb

The integration was performed by numerical summation
I

with vorticity shed every O.1~ outboard of the plane of

symmetry. Then the dowmvash angle can be evaluated:

The displacement of the vortex sheet according to refer-
ence 8 is

Jh=’ tan c dx
T.B.

For the present calculations, the span-load curve was
computed by an empirical method which adapts Schrenk’s I

method to sweptback winm (ref. 11). h previously iudi-
cated, the do~wash is ti~ctl”y aflec~d by ~he shap~ of the
span load distribution. For more precise evaluation of the
down-wash,it is recommended that a span load distribution
calculated by one of the more rigorous lifting-surface methods
described in reference 12 be used.
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